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Electron correlations often lead to emergent orders in quantum materials,
and one example is the kagome lattice materials where topological states
existin the presence of strong correlations between electrons. This arises
from the features of the electronic band structure that are associated with
the kagome lattice geometry: flat bands induced by destructive interference
of the electronic wavefunctions, topological Dirac crossings and a pair of
van Hove singularities. Various correlated electronic phases have been
discovered in kagome lattice materials, including magnetism, charge
density waves, nematicity and superconductivity. Recently, a charge density
wave was discovered in the magnetic kagome FeGe, providing a platform

for understanding the interplay between charge order and magnetismin
kagome materials. Here we observe all three electronic signatures of the
kagome lattice in FeGe using angle-resolved photoemission spectroscopy.
The presence of van Hove singularities near the Fermilevel is driven by the
underlying magnetic exchange splitting. Furthermore, we show spectral
evidence for the charge density wave as gaps near the Fermi level. Our
observations point to the magnetic interaction-driven band modification
resulting in the formation of the charge density wave and indicate an
intertwined connection between the emergent magnetism and charge order
inthis moderately correlated kagome metal.

Inquantum materials where the energy scale of electron-electron cor-
relationsis comparable to that of the electronic kinetic energy, arange
of emergent electronic phases are found'. Well-known systems that
exhibit such rich phase diagrams include the unconventional super-
conductor families of cuprates® and iron-based superconductors*,
where magnetic order, charge density wave (CDW) order, nematicity

and superconductivity have been found in close proximity due to the
entwinement of amultitude of degrees of freedom with similar energy
scales, including spin, charge and orbitals. Besides engendering large
quantum fluctuations that may give rise to novel phases, the intertwine-
ment of multiple orders allows tunability of the ground state via the
coupled order parameters. It is expected that, when quantum topology

'Department of Physics and Astronomy, Rice University, Houston, TX, USA. 2Department of Physics, University of California, Berkeley, CA, USA.
3Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel. “Department of Physics, Southern University of Science and
Technology, Shenzhen, China. *Department of Physics, University of Washington, Seattle, WA, USA. éStanford Synchrotron Radiation Lightsource, SLAC
National Accelerator Laboratory, Menlo Park, CA, USA. ’Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 8Neutron
Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA. ®Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley,

CA, USA. °These authors contributed equally: Xiaokun Teng, Ji Seop Oh.

e-mail: robertjp@berkeley.edu; pdai@rice.edu; mingyi@rice.edu

Nature Physics | Volume 19 | June 2023 | 814-822

814


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-023-01985-w
http://orcid.org/0000-0002-7185-085X
http://orcid.org/0000-0002-6894-3983
http://orcid.org/0000-0002-5433-1513
http://orcid.org/0000-0002-2853-2362
http://orcid.org/0000-0003-2661-4206
http://orcid.org/0000-0001-6222-1210
http://orcid.org/0000-0003-1689-8997
http://orcid.org/0000-0002-9708-0443
http://orcid.org/0000-0002-0980-3753
http://orcid.org/0000-0002-9008-2980
http://orcid.org/0000-0002-3979-8844
http://orcid.org/0000-0002-7583-8778
http://orcid.org/0000-0003-2164-5839
http://orcid.org/0000-0003-1192-8333
http://orcid.org/0000-0001-8934-7905
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-023-01985-w&domain=pdf
mailto:robertjb@berkeley.edu
mailto:pdai@rice.edu
mailto:mingyi@rice.edu

Article

https://doi.org/10.1038/s41567-023-01985-w

isrealized insuchastrongly correlated regime, unprecedented exotic
phasesaretobe discovered. Recently, kagome lattices have been exten-
sively investigated for the rich emergent physics associated with its
lattice geometry in the presence of topology’ . Among the insulators,
quantumspin liquid states may exist due to the magnetic frustration®.
Analogously, the geometric frustration for an electronic state could also
cause localization as away to quench the kinetic energy, thereby lead-
ingtoaregime with narrow electronicbandwidth where electron cor-
relation effects could be strong enough to induce emergent phases®®.
Equally importantly, the point group of the kagome lattice is that of
graphene, hence the kagome lattice also shares many properties of
the Dirac fermions. Therefore, kagome lattices have been intensely
explored asamodel systemtorealize topology inthe presence of strong
electron correlations.

Among the known kagome metals, some exhibit magnetic order
with ferromagnetically ordered sheets that are either ferromagnetically
orantiferromagnetically stacked® ™, with ordering temperatures often
exceeding room temperature. Another class of recently discovered
kagome materials, AV,Sb; (A =K, Rb, Cs)""*, hosts CDW order near
100 K that may be associated with time-reversal symmetry-breaking®-*.
The interpretation on the origin of these orders ranges from those
initiated from a strongly interacting picture to those based on elec-
tronic instabilities from band structure” %, For a two-dimensional
(2D) kagome lattice, three key features have been identified in the
electronic structure (Fig. 1d): (1) aflat band derived from the destruc-
tiveinterference, (2) a Dirac crossing at the Brillouin zone (BZ) corner
(K point in the inset of Fig. 1d) and (3) a pair of Van Hove singularities
(VHSs) at the BZ boundary (M point). It has been proposed that the
large density of states (DOS) from the kagome flat bands could induce
ferromagnetism’. Alternatively, at special fillings where the VHS is at
the Fermi level (E), interaction between the saddle points could also
induce CDW order®*?, The large energy separation between the flat
band and the VHSs (Fig. 1d,e) may be one reason why CDW order and
magnetic order have not been commonly observed simultaneously
within one system. Efforts at tuning the ordered phases include tun-
ing the energy location of either the flat bands or VHSs relative to the
chemical potential via chemical doping®, hydrostatic pressure® and
uniaxial strain®, all of which have demonstrated potential yet so far
have resulted in decoupled order parameters of either magnetism or
CDW order.

Very recently, it was discovered that CDW order appears deep in
amagnetically ordered kagome metal (FeGe)***, providing the oppor-
tunity to explore the possible connection between magnetism and
CDW order on a kagome lattice. Hexagonal FeGe (refs.***) (Fig.1a,b),
whichisisostructural to FeSnand CoSn, consists of stacks of Fe kagome
planes with both in-plane and inter-plane Ge atoms. A sequence of
phase transitions has been found (Fig. 1c). First, an A-type antiferro-
magnetic (AFM) order appears below a Néel temperature Ty ~ 410K,
with moments aligned ferromagnetically along the c axis within each
plane and anti-aligned between layers (Fig. 1a). At 100 K, where CDW
order takes place (Tcpw), two types of CDW order were found with
Qcpw: = (0.5, 0, 0)/(0, 0.5, 0), that is, completely in-plane, and
Qcpw2 = (0.5, 0, 0.5)/(0, 0.5, 0.5), which also has an out-of-plane com-
ponent, similar to that found in the AV,Sb, systems”. Finally, at alower
temperature of Teyneng ~ 60 K, the magnetic moments cantfromthec
directionto give acaxis double cone (canted) AFM structure. In addi-
tion, evidence of strong coupling between the CDW order and AFM
orderhasbeenreportedin the form of an enhanced magnetic moment
at the onset of the CDW order™.

Here, we use a combination of high-resolution angle-resolved
photoemission spectroscopy (ARPES), inelastic neutron scattering
(INS) and density functional theory (DFT) to study the formation of the
CDW order from the magnetic phase to gaininsights into the potential
contributors to the origin of CDW order in magnetic FeGe. In particu-
lar, in the AFM state, we observe saddle points in the vicinity of E, as

wellas kagome flat bands and Dirac cones (DCs). With the guidance of
DFT calculations, we identify an orbital-selective contribution of VHS
to a potential nesting condition near £, enabled by the spin splitting
of the bands within each ferromagnetic (FM) kagome layer. At Tcpy,
gaps open on the VHS bands across the Q,, vectors. In addition, we
find that the electronic states on the VHS bands couple to an optical
phonon mode. We therefore identify the key ingredients for the forma-
tion of CDW in kagome FeGe to be the presence of orbital-selective VHS
near E; induced by the spin splitting of the ordered moment as well
as electron-phonon coupling. The observations taken together sug-
gest an intimate connection between the CDW order and magnetism
on the kagome lattice and lay the groundwork for theoretical efforts
incorporating electron correlations toidentify CDW order formation
inamagnetic kagome lattice.

We begin with an overview of the electronic structure of FeGe
from DFT calculations. Consistent with previous first-principle cal-
culations®%, the DOS calculated for the paramagnetic (PM) phase
exhibit a large peak at E;, which splits into two in the AFM phase
(Fig.1f). By directly comparing with the band structures calculated in
each phase (Fig. 1e), the peaks in the DOS are indeed associated with
the kagome flat bands. Moreover, although the magnetic structurein
FeGeis AFM, each kagome layer is FM with awell-defined spin-majority
and spin-minority contribution. From Fig. 1e, we confirm that the flat
bands above E; in the AFM phase correspond to the spin-minority
bands while those below £, correspond to the spin-majority bands
within each FM layer. Hence, one can largely interpret the AFM band
structures as an interaction-driven magnetic splitting of the kagome
bands within each FM layer (Fig. 1d). Interestingly, the consequence
of such splitting is that the VHSs that were relatively far from E; in
the PM state are brought to the vicinity of E; in the AFM phase in the
spin-minority sector, as shown by the marked VHS1and VHS2 in Fig. 1e.
Although DFT cannot capture all the details of the experimental obser-
vations because this is a moderately correlated system, we will show
inthe following that this qualitative understanding is consistent with
our experimental observations.

Next, we gauge the strength of the electron correlations in FeGe
by comparing the measured DOS with DFT. From our angle-integrated
photoemission spectrum, we can identify key spectral features that
match with those from the calculated DOS in the AFM phase (Supple-
mentary Fig. S1), which allows us to extract an overall renormalization
factor of 1.6, close to that insome of the iron-based superconductors®.
With such arenormalization factor, the DFT calculated band structure
for the AFM state can provide a reasonable match with that of the
measured dispersions covered in a large energy range (Fig. 2¢). In
particular, we canidentify abroad band near —0.75 eV that matches the
location of the spin-majority kagome flat bands. Next, we examine the
key signatures of the kagome electronic structure near E; in the AFM
phase.From a detailed photon energy measurement, we identify 69 eV
photonsto cross the k, = 0 plane while 47 and 102 eV photons to cross
the k, =t plane (Supplementary Fig. S3). Since the photoemission
process is subject to asubstantial k,broadening effect®, we discuss the
following using the 2D projected notation of the BZ (Fig. 2a). We find
two types of terminations among the samples measured, correspond-
ing to the Ge and Fe kagome terminations, similar to the case of FeSn
(ref.’). From a detailed analysis of the two terminations (Supplemen-
tary Figs. S2, S3, S4 and S6), we can identify two sets of VHSs and DCs
that are termination independent and therefore intrinsic to the bulk
kagome layers. The first set (marked in blue as VHS1and DC1) consists
of linear bands that cross at—0.6 eV at the BZ corner, K points (Fig. 2d).
TheDCstructures canbe better visualized in astack of constant energy
contour plots in Fig. 2e, where circular contours shrink down to the
Dirac point and expand out again. Furthermore, the linear dispersions
from DCl1 rise to cross E;, forming a VHS on the BZ edge, M point
(Fig.2d,e). The saddle point nature of this VHS can be better visualized
fromaseries of cuts across the Mpoint (Fig. 2f), where the band top of
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Fig.1| Crystal structure and electronic structure. a, The crystal structure of
hexagonal FeGe with the unit cell shown by solid lines. Fe atoms are labelled in
red and Ge atomsin grey. A-type AFM order is illustrated by red arrows denoting
spinordering of Fe atoms. b, A top view of the crystal structure to visualize the
Fe kagome layer. ¢, Asummary of the transitions as a function of temperature.
d, Asimplified schematic summary of AFM-induced band splitting plotted in
energy (£) versus momentum. In the PM state, the kagome flat band appears at
E;, withaDirac crossing and a pair of VHSs well below E;. In the AFM phase, the
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ordered moment within each ferromagnetic layer induces exchange splitting of
the spin-minority and spin-majority bands, resulting in an upshift of the blue VHS
towards E;. At the onset of CDW order, agap (4cpw) opens at the VHS band near £.
The temperature evolution (horizontal direction) is aligned with the temperature
axisinc. e, DFT calculated band structures for the PM state, as well as those for
the spin-minority and spin-majority bands within an FM layer in the AFM state.
Colour indicates the spin projection (s,). Flat band (FB) regions are highlighted
with coloured shades. f, DOS calculations for the PM and AFM phases.

the hole-like band parallel to K- M- K has a minimum energy at the M
point, indicative of the electron-like nature in the orthogonal direction.
The Fermi momenta (k) of this VHS1 (denoted by blue dots) form cir-
cular Fermi pockets (Fig. 2e). Besides this set of DC and VHS, asecond
set (labelledindark green) consists of aDC2at-0.2 eV that is connected
to VHS2 slightly below E; with a much smaller band velocity compared
with that of VHSI. In addition, we also identify a DC3 at —0.06 eV. For
the hexagonal lattice symmetry, the five Fe 3d orbitals are split into
threegroups: d,2_/d,,, d,./d,,and d.. Guided by orbital-projected DFT
calculations and consideration of both in-plane and out-of-plane band
velocities (Supplementary Figs. S4 and S5), we identify DC1/VHS1 to
beofd,._y/d,,origin,DC2/VHS2tobe of d,./d,, originand DC3 to be of
d, origin. A summary of the identified VHSs and DCs is shown in
Fig. 2b. We note that, while common features can be identified
between DFT and measured dispersions, the precise locations of the
VHSs are not well captured by DFT even with the overall renormaliza-
tion, suggesting non-negligible correlation effects at play.

If the qualitative understanding of the spin splitting from DFT
calculationsis correct, the VHSs near E. observed in the AFM state must
be the spin-minority set that is shifted up as the magnetic moment
orders with lowering temperature. To check for this, we examine the

temperature evolution of VHS1, which as a mostly in-plane orbital
can be tracked more accurately as it is less affected by k, broadening
compared with VHS2. Figure 3e shows the spectral images of the VHS1
at 11K and 260 K. The VHS point visibly shifts in energy as tempera-
ture is varied, as also seen in the extracted momentum distribution
curves (MDCs) from —0.04 eV as a function of temperature (Fig. 3f).
The peak fromthe VHS band is observed to shift away from the M point
as temperature is lowered, consistent with the shifting-up behaviour
of the VHS (Fig. 3h). We can further extract the energy location of the
VHS. In Fig. 3a, we identify the bands leading to VHSLI. Since the VHS
point is slightly above E;, to track its energy position, we first fit the
band dispersion ateach temperature fromanMDC analysis. Fromthe
MDC, we identify a main peak next to another feature in the form of a
smaller peak. We fit the MDC line profile to two Lorentzian functions
ona Gaussian background. The location of the VHS band can therefore
be extracted as a function of binding energy (Fig. 3d). We then fit for
the location of the band top using a parabolic function of the disper-
sionateach temperature. We note that only the dispersion lower than
-30 meVisusedinthe parabolicfit to avoid any complication due tothe
potential opening of aCDW gap or dispersion kink. The extracted loca-
tion of VHS1is plotted as afunction of temperaturein Fig. 3h, showing
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notations with polarization vectorsindicated. b, Schematic of DCs and
associated VHSs. ¢, Large energy range dispersions measured compared with
that from DFT calculation after renormalization by a factor of 1.6. The lower
kagome flat bands are highlighted similarly toin Fig. 1e. d, Spectral image
measured along K- M- Kusing LH 47 eV photons. e, Constant energy contours
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measured with 102 eV photons and LH polarization. Dashed blue lines indicate a
DCat the K point and the corresponding VHS at M. f, Stack of cuts taken along k,
atk,=k -03A7,k -02A"k -01A" k andk +0.1A", asindicatedineas
solid white lines. Thick red lines at the top of d and fourth figure in findicate they
are the high symmetry cuts, asillustrated in a. The Fermi crossings are marked by
blue dots, also marked on the corresponding cutsin e. All data are taken at 11 K.

an upward shift as temperature is lowered towards Tpy. Additional
evidence for the band shift is seen in the peak shift from both energy
distribution curves (EDCs) and MDCs as a function of temperature
(Supplementary Fig. S7). The trend of the shift is consistent with the
ordering of the magnetic moment (m), as can be seen by overlaying in
Fig. 3g the m* measured from neutron diffraction®.

Asthe VHSs are shifted to the vicinity of £ by the magnetic order,
we therefore examine the potential role of the VHSs in the formation
of the CDW order. At 140 K above the onset of the CDW order, VHS1
is above E; while VHS2 is below E;. They form distinct Fermi surfaces.
In particular, the Fermi surface from VHSI (xy/x*-y?) can be better
observed underanin-plane polarization (linear vertical, LV) while VHS2
(xz/yz) can be better observed in the linear horizontal (LH) polariza-
tion that contains an out-of-plane component (Fig. 4a). Noticeably,
the VHS1 band forms a circular Fermi surface, while that of the VHS2
band resembles more that of the triangular Fermi surface predicted
by kagome models at VHS filling®. We can further confirm their con-
tribution to the potential nesting condition using DFT-based Lindhard
susceptibility calculations (Supplementary Fig. S11). While DFT does
notaccurately reproduce the Fermi surface, the chemical potential can
be tuned to identify energies where such Fermi surface contours are

revealed. A susceptibility calculation at such energy that reproduces
the VHS2 fermiology indeed produces a peak at the 2 x 2 CDW wavevec-
tor, while that done for the VHS1 fermiology does not (Supplementary
Fig. S11). This suggests that the VHS contribution to the CDW forma-
tion may be orbital dependent in FeGe, as has also been reported for
CsV,Sb, (ref. *9),

Furthermore, we can identify participation of the VHS bands in
the CDW ordering by comparing the band dispersions across T¢p,. From
a comparison of the Fermi surface at 140 and 13 K (Fig. 4a,b), we see
that the VHS2 undergoes the largest change as evident in the increased
curvature of its Fermi pocket. This can also be seen by comparing two
cuts across Tepy. On the cut along K- M - K (Fig. 4¢,d), even though
matrix elements suppress the spectral weight of VHS2, we can still
identify the presence of k, broadened VHS2 via a hump in the EDC
(Fig. 4g). In the CDW phase, an additional peak appears close to E; in
the EDC (Fig.4g), consistent with the splitting of the band (Supplemen-
tary Fig. S9). Such band splitting at the M point is reminiscent to that
observedin CsV,Sbs (ref. *°) andis interpreted to be the result of folding
and gap opening at the M point. On a parallel cut away from K- M-K,
gap opening can also be observed on VHS2 with a typical bend-back
behaviour of the dispersion (Fig. 4e,f,h and Supplementary Fig. S9).
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Fig. 3| Temperature evolution of VHS. a, Spectral images across the Mpoint
along K- M- K, taken with LH-polarized 69 eV photons. b, A stack of MDCs
(from E;to—0.1eV) froma. Thered linein the stack is the MDC curve along the
dashedredlineina.c, The MDC from the red dashed line in a (identical to the
red curveinb). Wefit the curve with two Lorentzians (red and blue), one
background Gaussian profile (light green) and a constant background (yellow)
curve. d, Fitting results from the MDC stack. Red circles are peak positions of

VHSI1-forming band dispersions (red curve inb). We use a parabolic fit to
extrapolate locations of VHS1above E.. e, Spectral images across the Mpoint
along K- M- K, showing the temperature evolution of VHS1. f, MDCs taken at the
dashed grey line in e, measured as a function of temperature. g, The ordered
magnetic moment measured by neutron scattering, reproduced from ref. 2°
(green). h, Extracted VHS1locations (blue) and the fitted peaks in MDC taken
fromf(grey). Error bars are from the s.d. resulting from the fitting process.

Besides VHS2, we also observe spectral gap opening on VHS1. Spectral
images across the K- M- K cut are shown for 140 K > T, (Fig. 41, left
side) and 70 K < T, (Fig. 4i, right side). The spectra have been divided
by the Fermi-Dirac function convolved with the instrument resolution
toalso uncover spectral weight above ;. Noticeably, aspectral weight
suppression is observed on VHSI, not on any other bands crossing Ey.
Thisis further confirmed by the EDC for the VHS1 at k5, where a spec-
tral weight suppression below T, indicates the gap opening (Fig. 4j
and Supplementary Fig. S8). The observable lower edge of the gap
below E;is-20 meV, consistent with the observed full gap size of 50 meV
by scanning tunnelling microscopy®. In contrast, the EDCs for the other
band crossings away from the BZ edge, L points in the CDW ordered
phase show ungapped peaks at £;in the CDW phase, indicating that the
CDW gap is momentum dependent. Figure 4k shows a continuous
temperature evolution of the symmetrized EDC taken at ks, where a
gap appearsbelow T, Theintegrated spectral weight within the gap
energy of 20 meV of Ezisshown in Fig. 4], where the smoothed average
ofthe scattered data points (Fig. 41, red line) shows a trend consistent
with the onset of the depletion of the spectral weight at T, =100 K
(Supplementary Fig. S8).

Lastly, we report onthe observation of electron-phonon coupling
inFeGe. Dispersion kinks have beenreported in unconventional super-
conductors such as the cuprates and iron-based superconduc-
tors>****1*2 The origin of such dispersion kinks has been proposed to
indicate electron-boson coupling, to either phonons or magnons. On

the VHS1 band where a CDW gap is observed, a kink structure is
observedintheelectronic dispersion (Fig. 5a). We canuse MDC analysis
toextract thereal andimaginary parts of the self-energy from the peak
position and the full-width at half-maximum of the MDC fitting, respec-
tively (Fig. 5b-d), showing the coupling of the electrons to a bosonic
mode at around 30 meV below E.. We can then extract an electron-
boson coupling constant from the slope of the real part of the
self-energy as well as from the ratio of the renormalized band velocity
(vp) and the bare-band velocity (vpo), both of which give a consistent
coupling constantA of approximately 0.5-0.6 (refs. ****). Notably, this
kink structure haslittle resolvable temperature dependence from 11 K
(T< Tcan[ing) to 70 K (Tcan[ing <T< TCDW) to 140 K (TCDW < T)

To identify the origin of this bosonic mode, we carried out INS
measurements. As presented in Fig. 5f, the observed spin waves stem-
ming fromthe AFM zone centre and in-plane I point cross the M point
at 70 meV, far above theinteraction point of 30 meV. Therefore, adirect
electron-magnon interaction at the M point is ruled out. In contrast,
the phonon spectra do reveal optical modes near 33-38 meV around
the M point (Fig. 5e). More interestingly, a hardening of this optical
phononmode at 33 meVis observed across the T, from120Kto 70 K,
appearing atthe M point and extending to the K points (Fig. 5i and Sup-
plementary Fig. S10b). Such hardening is absent at the I’ points (Fig. 5h).
Thisoptical phonon mode, therefore, is likely the mode responsible for
the dispersionkink observed in ARPES measurements. We note that the
size of the hardeningis about 1 meV, which is too small to be resolved
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convolved with the energy resolution to reveal signal above E;. The Fermi
momenta of four band dispersions are indicated (k;, k,, ks and ky;;s), where ky,s
corresponds to the VHS crossing. j, EDC at ks, showing a gap below T¢py,
aswellas EDCs for other band crossings as labelled in i, showing no gap opening.
k, Temperature evolution of the symmetrized EDC taken at k. I, Integrated
spectral weight across the CDW gap energy between [-0.02, 0.02] eV at k,;sasa
function of temperature (red circles). The red line is the smoothed average of the
data points, showing a suppression onset at Tepy.

in the temperature-dependent kink analysis (Fig. 5a). To identify the
phonon mode, we carried out phonon calculations using DFT, which
match excellently with the measured phonon spectra (Fig. 5e). The
optical phonon is determined to be an A,, mode involving the move-
ment of the Fe atoms from the kagome plane as well as movement of
the inter-layer Ge atoms (Fig. 5j). In addition, we observe no acoustic
phononsoftening from 8 Kto 70 K (Supplementary Fig. S10a), contrary
to the behaviour in the A,, optical mode across the same tempera-
ture region. The electron-phonon coupling here in FeGe is similar in
many aspects to thatin the AV,Sb,system, where adispersionkinkata
similar energy scale of 36 meV has also been reported*. Inaddition, a
hardening of the B,, longitudinal optical phonon mode around 10 meV
has been observed in AV,Sbs across its Tepy (ref. °), while no acoustic
phonon softening is observed****.

Having presented all the data, we now discuss the implications.
We have experimentally identified potential key ingredients for
the formation of the CDW order in magnetic FeGe, namely the
orbital-dependent VHSs that are brought to the vicinity of £ due to
the magnetic splitting of the bands. The contribution of the VHSs to the
formation of the CDW order is evidentin the opening of gaps at £; inthe
CDW phase while other bands remain gapless. In addition, we identify

electron-phonon coupling around the M point of the BZ that is con-
nected by the CDW wavevector. We can first compare the phenomenol-
ogy of the CDW order in FeGe with thatinnon-magnetic kagome AV,Sb,
(refs.77193073242750) Inhoth CDW ordered phases, VHSs are observed to be
inthe vicinity of £, albeit accidental in AV,Sbsand magnetism assisted
in FeGe. The VHSs are observed to have orbital-dependent contribu-
tions gauged from their fermiology. In both cases, the xz/yz orbitals
are proposed to be dominant®. The CDW gap at E; is observed at the
BZ edge, whichis connected by wavevectors that correspond to the dif-
fraction peaks seen by X-rays and neutrons. Electron-phonon coupling
is presentinboth systems in the absence of acoustic phonon softening
at the CDW wavevectors****, These similarities point to a potential
universality of the phenomenology of CDW among the kagome metals.
However, the microscopic origin of the CDW order in kagome system
is still unresolved. In the weakly correlated AV,Sb; system, nesting of
VHSs has been proposed based on 2D models. In FeGe, however, the
moderate electron correlations deem a purely nesting-driven scenario
unlikely. Thisisreflectedinthe larger degree of mismatch between DFT
and measured dispersions in FeGe as well as the difficulty to stabilize
aCDW order from DFT alone. If nesting isindeed the dominant driver,
then it may be expected that other A-type AFM kagome systems, such
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Fig. 5| Electron-boson couplingin FeGe. a, VHS1-forming band dispersion
(sameone asinFig.3). White dots are fitted band dispersions from MDC analysis.
On theright, MDC fitting results at 11 K (T < Tyning)» 70 K (Toanging < T< Tepw) and
140 K (Tpw < T) are overlaid. b, A stack of MDCs directly visualizing the kink
structure. ¢, Theimaginary part of the self-energy derived from width analysis
of MDC fittings. 2 denotes self-energy. We introduce one electron-phonon
(e-ph) coupling mode together with background (b.g.) signals considering
moderate electron-electron (e-e) interaction (Fermi-liquid-like behaviour).

d, Thereal part of the self-energy analysis of peak position from MDC fittings.
We overlay the Kramers-Kronig transformed electron-boson coupling mode
from the imaginary part of the self-energy (solid blue curve in ). Abosonic
mode is observed at 30 meV. e, INS measurement at 120 K of the in-plane phonon

38 40 42

spectraatL =[-3.1,-2.9] with DFT calculated phonon spectra overlaid. f, INS
measurement of the in-plane magnon spectrawith L =[-2.6, 0]. The colour bar
offis same for e. g, INS measurement geometry illustrating the relationship
between neutron momentum transfer Q, phonon wavevector q and vibrational
direction. h, Measured phonon spectraattheT (0, 0, 3) point (cut1), showing no
temperature dependence. i, Measured phonon spectra at the M points (cut 2,
averaged between (1,-0.5,3) and (-1, 0.5, 3)), showing hardening of the optical
phonon mode across T¢,y. INhandi, blue, green and red dots indicate 8 K, 70
K,120 K data, respectively. Solid lines are fitting with a Lorentzian and a linear
background. Error barsrepresent ones.d. The fitted energy at (8 K, 70 K, 120 K) is
(32.74 +£0.13 meV, 33.94 + 0.10 meV, 33.57 £ 0.15 meV). The colour scheme for his
same fori.j, Identified phonon mode (4,,) for the optical branch outlinedine.

asFeSn (ref.?), could also develop 2 x 2 CDW order when the spin split-
ting shifts the VHSs at M into the proximity of £. Since FeGe is the only
kagome lattice magnet with CDW discovered so far, it is therefore likely
that correlation effects, perhaps even orbital-dependent correlation
effects, must be takeninto considerationinadditionto the VHS presence
near E: tounderstand the origin of the CDW order in magnetic kagome
systems. Regardless of the ultimate microscopic theoretical description
of the CDW on stacked kagome lattices, our work reveals an intimate
interaction of the CDW order and magnetismin amoderately correlated

kagome metal and provides experimental groundwork towards a poten-
tial universal understanding of CDW order in kagome systems.
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Any methods, additional references, Nature Portfolio reporting sum-
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Methods

Single crystals were synthesized using chemical vapour transport®.
ARPES measurements were carried out at BL 5-2 of the Stanford Syn-
chrotron Radiation Lightsource and the MAESTRO beamline (7.0.2)
of the Advanced Light Source, with a DA30 electron analyser and an
R4000 electron analyser with deflector mode, respectively. FeGe
single crystals were cleaved in situ in ultra-high vacuum with a base
pressure better than 5 x 10-" torr. Samples were cleaved in the (001)
orientation. Two types of terminations were found, one corresponding
to the kagomelayer and another to the Ge layer. Both bulk and surface
states were identified on both types of terminations. A detailed discus-
sion on the terminations is provided in the Supplementary Informa-
tion. The data shown in the main text come from the Ge termination
unless specifically stated otherwise, but all the features discussed are
those that are found in both terminations, hence being representa-
tive of the bulk kagome lattice. The energy and angular resolutions
used were better than 20 meV and 0.1°, respectively. Measurements
shown were taken with a beam spot smaller than 50 pm x 50 um. All
gap measurements were done with correction of the Fermilevel by a
measurement of polycrystalline gold that was electrically connected
tothesample.

INS experiments were carried out on the ARCS (BL-18) spectrom-
eter at the Spallation Neutron Source at Oak Ridge National Labora-
tory” on 0.9 g of co-aligned single-crystal samples. The definition of
momentum transfer Q in reciprocal space in units of A is given by
Q =Ha*+Kb*+Lc*, where H, K and L are Miller indices. The direction
vectors a, b and c are specified with direction as shown in Fig. 1a,b.
The reciprocal lattice vectors a*, b* and ¢* are calculated using a* =
2mn(bxc)/[a-(bxc)], b*=2m(cxa)/[a-(bxc)] and ¢* =2 (axb)/[a-(bxc)].
Thescattering planeis[H, H, L]. We measured the neutron spectrum
at 120 K, 70 K and 8 K by scanning the angle about the vertical axis
by 140° in 1° steps with incident energies of 100 meV (Fig. 5f) and
45 meV (Fig. Se). Cuts and slices from the Q, £ data set are extracted
using Mantid® and Horace’>. Magnon and phonon spectrum are
plotted using low-Q (L = [-2.6, 0]) and high-Q (L = [-3.1, -2.9]) data,
respectively. The vibration direction of phonons observed by INS is
always parallel to the momentum transfer Q (Fig. 5g), so the phonon
mode shown in Fig. 5e is mostly the A4,, mode vibrating along the ¢
axis. Constant-Q cuts of the measured phonon spectra are extracted
atthe I (Fig. 5h) and M points (Fig. 5i) and fitted using a Lorentzian
and alinear background.

DFT calculations are performed with the Vienna ab initio simu-
lation package®**. The exchange-correlation interaction between
electronsis mimicked with the generalized gradient approximation
as parameterized by Perdew et al.*°. A cutoff energy of 350 eV and
ak mesh of 12 x 12 x 8 are used throughout. Experimental lattice
constants are employed, and the atomic positions are fully relaxed
until the remaining forceis less than1 meV A%, Both the paramagnetic
and antiferromagnetic structures are calculated. All calculations
are performed considering the spin-orbital coupling, except for
the structure relaxation and phonon dispersion calculation. The
phonondispersionis calculated by the finite displacement method
asimplemented in the PHONONPY software”. To calculate the Fermi
surface and electron Lindhard susceptibility, we first fitted the DFT
band structure with Wannier orbitals (Fe dand Ge p) asimplemented
in Wannier90 software*® and then calculate the 3D Fermi surface
in the full BZ based on the obtained tight-binding Hamiltonian
with a k mesh of 150 x 150 x 80. The electron susceptibility is cal-
culated on the basis of the Fermi surface by employing the method
described inref.*’,

Data availability

Source data are provided with this paper. All other data that support
the findings of this study are available from the corresponding authors
uponreasonable request.

Code availability
The band structure and phonon calculations used in this study are
available from the corresponding authors upon reasonable request.

References

51. Abernathy, D. L. et al. Design and operation of the wide
angular-range chopper spectrometer ARCS at the Spallation
Neutron Source. Rev. Sci. Instrum. 83, 15114 (2012).

52. Arnold, O. et al. Mantid—data analysis and visualization package
for neutron scattering and uSR experiments. Nucl. Instrum. 764,
156-166 (2014).

53. Ewings, R. A. et al. Horace: software for the analysis of data from
single crystal spectroscopy experiments at time-of-flight neutron
instruments. Nucl. Instrum. Methods Phys. Res. A 834,132 (2016).

54. Kresse, G. & Furthmiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev.
B 54, 11169 (1996).

55. Kresse, G. & Furthmuiller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 6, 15-50 (1996).

56. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized
gradient approximation made simple. Phys. Rev. L 77,

3865 (1996).

57. Togo, A. & Tanaka, I. First principles phonon calculations in
materials science. Scr. Mater. 108, 1 (2015).

58. Mostofi, A. A. et al. wannier90: a tool for obtaining
maximally-localised Wannier functions. Comput. Phys. Commun.
178, 685 (2008).

59. Johannes, M. D. & Mazin, I. . Fermi surface nesting and the origin
of charge density waves in metals. Phys. Rev. B 77, 165135 (2008).

Acknowledgements

We thank J. Zhu, C. Lane, Q. Si and C. Setty for helpful discussions. The
ARPES work is supported by the Gordon and Betty Moore Foundation’s
EPiQS Initiative through grant no. GBMF9470 (M.Y.), Robert A.

Welch Foundation grant no. C-2024 (M.Y.) and U.S. Department of
Energy (DOE) grant bo. DE-SC0021421 (M.Y.). The neutron scattering
and single-crystal synthesis work at Rice was supported by US
NSF-DMR-2100741 (P.D.) and by the Robert A. Welch Foundation under
grant no. C-1839 (P.D.), respectively. The work at the University of
California, Berkeley was supported by the U.S. DOE under contract
no. DE-AC02-05-CH11231 within the Quantum Materials Program
(KC2202) (R.J.B.). This research used resources of the Advanced

Light Source and the Stanford Synchrotron Radiation Lightsource,
both U.S. DOE Office of Science User Facilities under contract nos.
DE-AC02-05CH11231 and AC02-76SFO0515, respectively. A portion of
this research used resources at the Spallation Neutron Source, a DOE
Office of Science User Facility operated by ORNL. B.Y. acknowledges
financial support from the European Research Council (ERC
Consolidator grant “NonlinearTopo”, no. 815869) and an ISF personal
research grant (no. 2932/21). JSO acknowledges the support of the
NSF Grants Nos. DMR-1921798 and DMR-1921847.

Author contributions

M., P.D. and R.J.B. managed the project. The single-crystal FeGe
samples were grown by X.T. and B.G. under the guidance of P.D. APRES
experiments were carried out by J.5.0., XT., J.H. and M.Y. with the
assistance of M.H., D.L., C.J., A.B. and E.R. First-principles calculations
were performed by H.T. and B.Y. Neutron scattering measurements
and analysis were carried out by G.G., XT., L.C. and P.D. The paper was
written by M.Y., P.D., XT., J.5.0. and L.C. with input from and significant
discussions with all co-authors.

Competinginterests
The authors declare no competing interests.

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-023-01985-w

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41567-023-01985-w.

Correspondence and requests for materials should be addressed to
Robert J. Birgeneau, Pengcheng Dai or Ming Yi.

Peer review information Nature Physics thanks Niels Schroter and the
other, anonymous, reviewer(s) for their contribution to the peer review
of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-023-01985-w
http://www.nature.com/reprints

	Magnetism and charge density wave order in kagome FeGe

	Online content

	Fig. 1 Crystal structure and electronic structure.
	Fig. 2 Key signatures of kagome band structure.
	Fig. 3 Temperature evolution of VHS.
	Fig. 4 Observation of CDW gap.
	Fig. 5 Electron–boson coupling in FeGe.




